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FIG. 3: a, Side view of the experimental geometry; control variables are: (i) the incoming and outgoing photon wavevectors
kin and kout, which determine the exchanged momentum Q; (ii) the incoming (linear) polarization ϵin (= σ or π); (iii) the
azimuthal angle α, whose rotation axis ûα coincides with the direction of Q. The polarization of scattered x-rays (σ′ or π′)
is not analyzed. b, Top view, illustrating the need for a wedge-shaped sample holder to guarantee the condition ûα ∥ Q for
the specific Q-vector of interest (θw = 67.5◦ and 72◦ for YBCO and Bi2201, respectively). Scattered photons are collected
using a multi-channel-plate (MCP) detector. c, Azimuthal angle-dependent Q-scans of the CDW peak (after subtraction of
fluorescence background) at QCDW=(0, 0.31, 1.5) in YBCO-Ortho III, plotted vs. the CuO2-plane projection of the exchanged
momentum Q∥.

varying electronic density through the Coulomb interac-
tion (see Fig. 2a,b and Supplementary Information). In
order to evaluate the symmetry of the CDW order param-
eter ∆CDW, we can selectively probe the different tran-
sition channels (Cu-2px,y,z → 3d) by rotating the light
polarization in the REXS measurements. Here we focus
on three possibilities for ∆CDW: (i) a site-centered mod-
ulation (∆CDW =∆s), corresponding to an extra charge
residing on the Cu-3d orbital (Fig. 2c, top); (ii) an ex-
tended s-wave bond-order [∆CDW=∆s′(cos kx+cos ky)],
where the spatially-modulated density is on the O-2p
states, and the maxima along the x and y directions coin-
cide (Fig. 2c, middle); (iii) a d -wave bond-order [∆CDW=
∆d(cos kx−cos ky)], where the charge modulation changes
sign between x- and y-coordinated oxygen atoms, and the
maxima are shifted by a half wavelength (Fig. 2c, bot-
tom). The resulting shifts of orbital energies and corre-
sponding transition energies (∆Ex,y,z) at the Cu-L3 edge
have been calculated using a maximum charge amplitude
of 0.1e, as suggested by STM [20, 35] studies.

In the experiments we use a special geometry, in which
the sample is rotated around the ordering vector Q∗

(Fig. 3a,b). This method allows looking at the same
wavevector while modulating (as a function of the az-
imuthal rotation angle α) the relative weight of the Cu
2px,y,z → 3d transitions, which is controlled by the light
polarization through dipole selection rules (see Fig. 2b
and Supplementary Table I). Here the α dependence of
the charge order signal is the new information that allows
testing – through comparison with theoretical predictions
from scattering theory – the validity of the scenarios
under consideration for the symmetry of the CDW or-
der parameter. The azimuthal dependence of the REXS

signal was studied in Bi2201-UD15K and in two under-
doped YBa2Cu3Oy compounds (YBa2Cu3O6.51, YBCO-
Ortho II, with p ≃ 0.10 and YBa2Cu3O6.75, YBCO-
Ortho III, with p≃0.13; see also Materials and Methods).
A series of in-plane momentum (Q∥) scans of the charge
order peak in YBCO-Ortho III is presented in Fig. 3c for
the range 0◦ < α < 180◦ and both σ- and π-polarized
incoming X-rays.
The total scattered intensity IREXS is extracted by fit-

ting the REXS momentum scans with a Gaussian peak,
and is in general proportional to the amplitude of the
charge modulation. We can directly compare IREXS to
the theoretical REXS cross section [36, 37]:
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where ϵ and ϵ

′ represent the polarization vectors for in-
coming and outgoing photons, respectively; Q∗ is the

ordering wavevector; Rn are the Cu lattice sites. F (n)
pq

is the scattering tensor – dependent on photon energy
(ω), azimuthal angle (α), and lattice site (n) – which in
this case is diagonal (Fpq = Fppδpq). For a single Cu-

2p → 3d transition within a CuO2 plane, F (n)
pq is also

well-approximated by a single Lorentzian peak with site-

and orbital-dependent transition energies: F (n)
pp (ω) ∼

Fpp(α)×
(

ω −∆E(n)
p + iΓ

)−1
(see Supplementary Infor-

mation for a more detailed discussion). The total cal-
culated scattering intensity is then given by: Icalc (α) =
Iϵ→σ′ (α) + Iϵ→π′ (α), where ϵ = σ or π. In order to
eliminate all possible extrinsic effects due to the sam-
ple shape and orientation with respect to the scattering
geometry (and thus facilitate the comparison to the the-


